This research aimed to quantify the effects of precipitation and land use changes on the hydrological response (peak discharge and runoff volume) in the River Kelantan catchment, Malaysia. Two periods were studied, involving the years 1988 (lower hydrological response) and 2004 (greater hydrological response). Rainfall and land use observed for the year 1988 was used in the calibrated and validated model for 1988, but also used in the calibrated 2004 runoff model to simulate the impact of changes in these two factors on runoff generation. For the upstream gauge, differences in peak discharge and runoff volume were affected more by land use change compared to climate-related changes (i.e. precipitation). However, changes in hydrologic response in the downstream catchment were much more associated with precipitation changes. From these findings, we suggest that both land use and climate changes (i.e. precipitation) contributed to changes in hydrologic response in the Kelantan monsoonal catchment, but that for the downstream catchment, which is more prone to flooding, with associated potential socio-economic impacts, precipitation change is the major driver. The results have clear implications for planning and management decision-making.
Introduction
In any catchment, land surface and atmospheric effects and their interactions are important in hydrological processes such as infiltration, evapotranspiration and runoff generation. However, over time the behaviour of a natural catchment system might change due to changes in several factors related to the land surface and climate. Increased growth in human populations has increased demand for a residential area and has led to urbanisation. In addition, increases in food demand have caused deforestation with forests being replaced by other land uses such as agriculture and industry. For example, over-exploitation of resources due to an increase in population and demand for food supply has caused land degradation in the River Nzoia catchment in western Kenya (Githui et al., 2009) . However, deforestation and land development for agriculture have not necessarily led to a proportionate increase in food production and wellbeing. For example, land conversion has often led to land erosion in the upstream of the Hammeveld, Belgium area and has triggered heavy floods in the downstream catchment (Vandaele and Poesen, 1995) . Land use changes and variability and long-term changes in climate have received much attention in relation to explaining changes in river discharge over time (Hua et al., 2008; Li et al., 2009; Adnan and Atkinson, 2011; Pattison and Lane, 2012; Liu et al., 2015) . Several studies reported that as a result of deforestation surface moisture that would normally be recycled to the atmosphere through evapotranspiration or retained in vegetation is instead quickly released as increased runoff or subsurface flow (IPCC, 1996; Laurance, 1998) .
Many studies have indicated that land use changes such as deforestation and expansion of agricultural land may lead to increases in peak discharge and runoff volume (Paix et al., 2013; Schilling et al., 2014; Ali et al., 2016; Tan-Soo et al., 2016) . Rainfall-runoff models have been used widely to study the impact of deforestation and agricultural expansion on runoff generation in hydrological catchments. The HEC-HMS hydrological model has been used widely to show that land use change from forest and rangelands to cultivated areas over the hill slopes cause substantial land degradation and increase the outflow peak and total runoff volume observed (Adnan and Atkinson, 2011; Adnan et al., 2014) . Githui et al. (2009) , using the CLUE-S model, demonstrated that a 'worst case' scenario of deforestation and expansion in unsustainable agriculture led to increases in runoff, base flow and total streamflow. They attributed such changes to decreases in the evapotranspiration rate (due to a reduction in forest area) and infiltration capacity (due to soil compaction caused by agriculture). Eckhardt et al. (2003) simulated a structured artificial catchment with four land use types consisting of two forest types (i.e. deciduous and coniferous), pasture and arable land. They found that arable land produced the largest contribution to streamflow due to lower evapotranspiration followed by pasture and forest land use.
The effect of a combination of land use change and climate change on runoff generation has been the focus of several studies. Many previous researchers utilised quantitative analysis which incorporating climatological and hydrological system based on model and simulation results (Baker and Miller, 2013; Kim et al., 2013; Liu et al., 2014) . In most studies, future climate change scenarios were derived from regional climate models (RCM) which provide finer spatial resolution data compared to global atmosphere-ocean circulation models (GCM) (Lahmer et al., 2001; Bronstert, 2003) . However, in this study in the River Kelantan catchment, Malaysia, the effect of historical changes in land use and precipitation on discharge forms the focus, not future discharge under future climate change scenarios. Some studies found that land use change is a dominant factor while other studies found that climate change affects the hydrological response more than land use change. In particular, Hejazi and Markus (2009) used present land use and precipitation conditions in the year 1999 as inputs to a historical runoff model or baseline model in the year 1954-1961 to isolate the individual effects of land use changes particularly, urbanisation and precipitation on flood peaks using the HEC-HMS model. The result shows that urbanisation was the dominant factor in explaining increases in flood peaks (34% higher than the parallel increase in precipitation). Moreover, Reynard et al. (2001) found that urbanisation has a large effect on flood regimes compared to changes due to climate using continuous-flow simulation model and in contrast, studies by Saghafian et al. (2008) and Ogden et al. (2011) stated that a larger return period (i.e. 100 year flood peak) or higher storm intensity reduced the relative effect of land use change on the flood peak discharge due to higher intensity storms thus, precipitation becomes the dominant factor.
The River Kelantan has become increasingly susceptible to flood disasters, and this is potentially due to meteorological factors such as climate change, rapid changes in land use, and weaknesses in development planning and monitoring. The River Kelantan is important because it is subject to the most severe monsoon flooding in Malaysia (DID, 2004) . Further, it is perceived that flooding is increasing along the river, presenting a significant management problem. From a previous study, which fitted trends to streamflow within the River Kelantan catchment over a 30 year period, an increase in streamflow was observed in the upstream area and a decrease in streamflow was observed in the downstream area (Adnan and Atkinson, 2011) . Therefore, the aim of this research was to develop a rainfall-runoff model (HEC-HMS) for the monsoonal Kelantan catchment in Malaysia to investigate factors that caused changes in discharge within the catchment using data from 1988 and 2004 (a 16 year period). Models were developed for both historic (1988) and more recent (2004) hydrological events. The 1988 event represents conditions prior to significant deforestation and the 2004 event represents conditions after deforestation, afforestation and expansion of agricultural land. Both models were calibrated and validated to represent the specific characteristics of the hydrologic response during each period.
Materials Study area
Kelantan is one of the largest states in Peninsular Malaysia occupying the large River Kelantan basin. It is situated in the centre of Peninsular Malaysia which is bordered to the north by Thailand, to the west by Perak, Selangor and Negri Sembilan, to the south by Terengganu, Pahang and Johor and to the east by the South China Sea (Figure 1 ). The total area of Kelantan is 15 022 km 2 or 4.4% of the area of Malaysia with a total population of 1 530 700 (Malaysia Statistics Department, 2006 (Awadalla and Noor, 1991; Chan, 1995; Chan, 2002; DID, 2004) . About 68.5% of Kelantan's population live in the Kelantan River Basin. It is the longest river in Kelantan State at 248 km and drains an area of 13 100 km 2 . The river originates in the Tahan mountain ranges and flows northwards draining into the South China Sea. The River Kelantan has two tributary rivers: River Galas and River Lebir. The River Galas has two tributaries (River Nenggiri and River Pergau), while, the River Lebir has one tributary (River Relai).
Annual precipitation over the area varies between 0 mm in the dry season from March to May to 1750 mm in the wet or monsoon season from November to January. The estimated runoff for the area is 500 m 3 /s (DID, 2000). The Kelantan catchment has different soil types but is dominated by sedentary soils on hills and mountains, whereas, alluvial soil is present on riverine floodplains and low riverine terraces.
Data
Shuttle Radar Topography Mission digital elevation model (DEM) data were provided by the Consultative Group for International Agriculture Research-Consortium for Spatial Information (http://srtm.csi.cgiar.org/). The data have a horizontal resolution of 30 m and vertical resolution of 90 m. The data were used to delineate sub-basins for the study area. The data were subjected to error correction by filling in sinks using the Arc Hydro tool in the ArcGIS software. Further, the dataset used in sub-basin delineation where river network and soil type obtained from the Malaysia Department of Irrigation (DID). In addition, land use data were provided by the Department of Town and Country Planning Malaysia (TCPD).
Hydrology data (precipitation and discharge) were provided by the DID, Malaysia. For runoff simulation, two different events were chosen to represent historical (15-28 December 1988) and current (7-20 December 2004) runoff conditions. Both precipitation and discharge were recorded with a time interval of every 15 min to provide a detailed representation of rainfall and flow characteristics within the derived sub-basins of the study area. In total, 16 precipitation stations with full data records for the years of 1988 and 2004 were used as an input to the hydrological modelling software of HEC HMS. Detailed information about the precipitation stations is presented in Table 1 . In addition, six discharge stations covering the same period of time and interval as the precipitation data were used in this study. For 1988 only one discharge station (i.e. Galas station) had a full data record due to missing data for 2004; all the other discharge stations had a complete data record. All hydrological data were subjected to model sensitivity analysis, calibration, model efficiency testing and validation. The two events chosen were storm events during monsoon rainfall months (i.e. from November to January). Runoff calibration was performed using the rainfall and discharge data for the 1988 and 2004 events. For validation, the same time of the year was used (10-24 November 1990 and 18-28 December 2006, respectively) .
Remotely sensed images were used to produce land use maps and a land use change map. Two multitemporal satellite images from Landsat Thematic Mapper (TM) acquired on 7 August 1988 and 28 May 2000 were supplied by the Malaysian Remote Sensing Centre (MACRES). These dates were chosen because the temporal difference was relevant to the study and sufficient to perform land use change analysis in the area. The satellite sensor images have a spatial resolution of 30 m, 8-bit radiometric resolution and six spectral channels denoted by TM1 (blue waveband), TM2 (green), TM3 (red), TM4 (near-infra red) TM5 (mid-infrared) and TM6 (far-infrared). The TM3, TM4 and TM5 bands were used to classify land use in the study area (Price et al., 2002; Cingolani et al., 2004) and the difference image was used to represent land use change.
Basin model boundary data
The basin model was derived using a DEM together with a river network, soil type data and a land use map. The HEC-GeoHMS model was utilised to derive the physical characteristics of the catchment for use in the HEC-HMS model. Terrain processing tools were used to prepare the geospatial network of the sub-basin in a grid (raster) and vector formats. After the terrain preprocessing was completed, basin processing was undertaken. The process used to revise the sub-basin delineation is referred to as basin merge. The Kelantan sub-basin was merged according to the river network direction, flow direction and flow accumulation with the rule that the sub-basins must share a common confluence and be adjacent to each other. The hydrological model result from HEC-GeoHMS processing of the study area is shown in Figure 2 .
Methods

Rainfall-runoff model
The HEC-HMS hydrological model was used in this research. The model is well-known and used widely for rainfall-runoff modelling (USACE, 2000) . The HEC-HMS model was chosen due to its flexibility, with seven infiltration methods, six streamflow routing methods and three baseflow methods. This flexibility allows the user to represent appropriate hydrological processes that need to be modelled and, hence, estimate desired outputs adequately. HEC-HMS requires three input components: (i) a basin component, which is a description of the different elements of the hydrologic system, (ii) a meteorologic model, which is a description in space and time of the precipitation event to be modelled and (iii) control specifications, which define the time window for the precipitation event and for the calculated flow hydrograph (Francisco and Maidment, 1999; USACE, 2000) .
Basin model
For the loss calculation the Soil Conservation Service (SCS) curve number (CN) (USACE, 2000) was used. The CN method was chosen because the land-water relationship is expressed directly as a function of cumulative precipitation, soil type, antecedent moisture and land use/cover conditions (USDA-NRCS, 1986). It was used here to predict the cumulative precipitation excess versus the cumulative loss or abstraction. The CN values published in Technical Report 55 (TR 55) by the SCS were used as a reference. The weighted average method for each sub-basin was used to calculate the CN. Detailed explanations of this method can be found in numerous studies (USACE, 2000; Patil et al., 2008; Chu et al., 2009) . A transformation of excess precipitation to runoff was used to simulate the process of direct runoff of excess precipitation on a watershed. The SCS Unit Hydrograph (UH) model was used which requires the peak and time of UH (USACE, 2000) . Flood routing from each sub-basin to the outlet was carried out by the lag time method. The model states that the outflow hydrograph is the inflow Figure 2 The hydrological model of the study area derived from HEC-GeoHMS processing.
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hydrograph, but with all ordinates translated or lagged in time by a specific duration. The flows are not attenuated, so the hydrograph shape is not changed.
Meteorologic model and control specifications
The meteorologic model in the HEC HMS deals with the time series input of climate data such as rainfall and discharge values for the modelled events. The spatial distribution of rainfall events was derived using the Thiessen polygon method in which an areal-based weighting scheme is used to create the depth weights for each sub-basin. This method uses the assumption that the precipitation depth at any point within a watershed is the same as the precipitation depth at the nearest gauge in or near the watershed. Thus, it assigns a weight to each gauge in proportion to the area of the watershed that is closest to that gauge (USACE, 2000) . Time weights were calculated using an inverse-distance-squared method. This method estimates the subbasin rainfall through time by applying a weighting scheme to rainfall measured dynamically at catchment rainfall gauges (USACE, 2000) . This study tries to model two different flooding events in the years of 1988 and 2004 with a 15 min time interval.
Model sensitivity and statistical analysis
The runoff model was subjected to a sensitivity analysis, model calibration and model validation. Sensitivity analysis was used to determine which parameters of the model have the greatest impact on the runoff hydrograph. In this study, four parameters were tested in a sensitivity analysis, which are the initial abstraction (I a ), lag time (L t ), CN and impervious surface (I s ) The analysis ranked the parameters based on their contribution to the model output. The absolute sensitivity index (S i ) was used to rank the parameters used. Detailed information is given by Al-Abed and Whitely (2002) and Al-Abed et al. (2004) , summarised in Eqn (1).
where S i is the sensitivity index, O 1 and O 2 are the model output values corresponding to I 1 and I 2 which represent the smallest and largest input values (in this research, AE30% of a base value was examined for a given parameter), and I AVG and O AVG are the average of I 1 , I 2 and O 1 , O 2 respectively. The coefficient of determination (R 2 ), mean absolute error (MAE), percentage bias (%BIAS) and the NashSutcliffe efficiency index (E f ) are used widely to measure the goodness-of-fit of hydrological models (Nash and Sutcliffe, 1970 ). The range of R 2 lies between 0 and 1 and this describes how much of the observed dispersion is explained by the prediction. The range of the Nash-Sutcliffe index is from 1 to −∞. A perfect fit is represented by a value of 1 and an efficiency value of lower than 0 indicates that the mean value of the observed time series would have been a more precise predictor than the model (Krause et al., 2005) . The MAE emphasis on differences of large absolute values and %BIAS computes the relative percentage differences between the observed and simulated hydrographs.
Land use classification and scenario simulation
A land use map was derived using land use classification based on the maximum likelihood algorithm. The algorithm takes the distributions of the classes into account via a variance-covariance matrix. Accuracy assessment was undertaken for 100 randomly selected points. Accuracy assessment revealed that the accuracy of classification for 1988 was 89.5% with a Kappa coefficient of 0.81. Meanwhile, for the year 2000, the accuracy was 96.9% with a Kappa coefficient of 0.96. The results suggest that the land use map created using the maximum likelihood algorithm is a sufficiently reliable representation of the real land surface.
To understand and quantify changes in the hydrological system and runoff generation over the last three decades, land use and precipitation inputs were varied, both separately and in combination. The model calibrated to the 2004 runoff event was used as a baseline model. To simulate runoff change due to land use and precipitation changes attention was given to differences in peak discharge and runoff volume resulting from the replacement of land use and precipitation data for 2004 with the equivalent values for 1988. Any observed changes in outputs are attributable to these two inputs only; the other parameters were held constant. Three scenarios were simulated: land use change of scenario B (SB), climate (precipitation) change of scenario C (SC) and a combination of both for the 2004 storm event of scenario D (SD). Meanwhile, scenario A represented the baseline scenario based on the calibrated model parameters.
Results and analysis
Runoff model precalibration and sensitivity analysis Six sub-basins were created using the HEC-GeoHMS model (Figure 2) . The precalibration runoff model produced hydrographs with acceptable results for 1988 and 2004 with acceptable rising, recession and peak shape of observed and simulated hydrographs. However, to achieve greater agreement between the observed and simulated hydrographs for all gauge locations in all sub-basins, model calibration was performed. Prior to that, parameter sensitivity analysis was conducted so that calibration could be focused on the parameter(s) with the greatest sensitivity. Sensitivity analysis was applied to the runoff model using the 2004 event. Four parameters were investigated as listed for the chosen loss method (i.e. SCS CN) and transform method (i.e. SCS Unit Hydrograph) in the HEC-HMS model: initial abstraction (I a ), SCS, CN, lag time (L t ) and percentage of I s . An absolute sensitivity index analysis revealed that the I a and I s of the loss model parameter had a very small impact on the runoff model output for all sub-basins and can, thus, be considered as insignificant. For all of the sub-basins, CN and L t had the greatest impact on peak discharge and runoff volume. The CN relates to the capacity for soil infiltration and soil storage (Cunderlik and Simonovic, 2007; Wang et al., 2008) .
Model calibration and validation
The automated calibration provided in the HEC-HMS model was used in which the parameters are adjusted iteratively until the smallest values of the selected objective function are achieved. In the HEC-HMS model, an objective function is used to measure quantitatively the match between these two hydrographs. In this study, the sum of squared residual was utilised, which gives the greatest weight to overestimates and underestimates between the observed and simulated runoff ordinate. The calibrated hydrographs for all six gauge stations were deemed acceptable as the main aim of the study was to establish a repeatable procedure with which to simulate the effects of runoff and discharge on land use and precipitation change, and not to replicate perfectly the measured hydrograph (McColl and Aggett, 2007) . The model performance statistics (Table 2) show that in all cases the agreement between observed and calibrated hydrographs is acceptable. For the 2004 runoff model, for Galas, Lebir, Kuala Krai and Guillemard Bridge the E f was between 0.75 and 0.99. A moderate E f of 0.61 was observed for the Nenggiri gauge and a low E f of 0.25 was observed for Pergau ( Table 2 ). The observed and calibrated hydrographs for the 2004 runoff event are shown in Figure 3 .
Meanwhile, the runoff simulation for 1988 was applied only to the Galas sub-basin because there was no observed discharge for the other five sub-basins. The Galas sub-basin is the most upstream stream flow gauge. There is no recorded data for the other two upstream discharge stations (i.e Nenggiri and Pergau) for every 15-min time interval. The only available complete recorded data for these two stations were from 2002 onward (for a short time interval) and also due to severely missing data before this period. Hence, to make an association with the land use change analysis, the year 1988 runoff model was simulated. For the 1988 event, the accuracy of the Galas gauge was high with an E f of 0.95. The observed and calibrated hydrographs for the 1988 runoff event are shown in Figure 4 . (Table 2) . Validation of the model fitted to the 1990 event produced an acceptable agreement between the observed and simulated hydrographs with an overall R 2 between the simulated and observed data of 0.73, an E f of 0.79 and a % BIAS of 3.32% (Table 3) .
Runoff simulation using historical data
Land use change scenario
Two land use maps for the years 1988 and 2000 were derived by classifying Landsat TM images as described earlier. In this study area, nine land use types were derived consisting of forest, built-up land, bare soil, paddy, mangrove, rubber, oil palm, mixed-agriculture and water. The accuracy assessment was also performed with an accuracy of 89.5% for 1988 and 96.9% for 2000. The percentages of each land use type for each sub-basin are shown in Table 4 . Land use change analysis was also conducted using land use change matrix analysis in the ERDAS Imagine software. The technique was able to provide quantitative information on changes in land use pixel-by-pixel, before and after the changes had taken place. The resulting land use change map showing deforestation and conversion to agricultural land from 1988 to 2004 is shown in Figure 5 with the green colour area representing the area that has been converted to agricultural land. The land use information is needed for CN derivation and later was used as one of the inputs in the HEC-HMS model.
Using the SCS loss model in HEC-HMS, land use changes were represented by the CN and the percentage of impervious surface. The AMC type two (AMC II) was used, which represents average soil wetness, and most of the Kelantan's soil falls in hydrologic soil group B (i.e. moderately low runoff potential). The CN values and percentage of impervious surface for all sub-basins are shown in Table 5 .
The baseline calibrated runoff result for 2004, in terms of peak discharge and runoff volume, is shown by scenario SA in Table 6 . Different peak discharge and runoff volume values (i.e. absolute and percentage values) as simulated by the HEC-HMS model were observed by holding the precipitation constant (i.e. for 2004), but using the land use scenario observed for 1988 (scenario B). Under scenario SA, all upstream gauges (i.e. Nenggiri, Pergau and Galas) exhibited an increase in peak discharge and runoff volume compared to scenario SB. The result implies that peak discharge and runoff volume may have increased between 1988 and 2004 as a function of land use changes. The largest differences between scenario SA and scenario SB were observed for the Nenggiri gauge with differences of 9.6% in peak discharge and 8.4% in runoff volume. The smallest difference in runoff due to land use change was observed for the Galas gauge with differences of 3.3% and 1.5% for peak discharge and runoff volume, respectively (Figures 6 and 7) . Interestingly, the downstream gauges (i.e. Lebir, Kuala Krai and Guillemard Bridge) exhibited a decrease in peak discharge and runoff volume compared to scenario SB. The differences between these two scenarios were very small (between −0.6% and −0.04% in peak discharge and between −0.4% and −0.1% in runoff volume) (Figures 6 and 7) . The result suggests that peak discharge and runoff volume decreased between 1988 and 2004 as a function of land use changes, but with only a small percentage compared to the upstream gauges. This is probably due to the small increase in afforestation observed in the sub-basins where these three gauges are located (Table 4) . Scenario SB shows that holding the rainfall input constant (i.e. using the 2004 event), runoff increased as a function of deforestation, agricultural conversion and urbanisation for the upstream gauges in the study area. The change analysis presented implies that these land use changes may be significant contributors to increases in peak discharge and runoff volume in the study area. For the downstream catchment, as represented by the Guillemard Bridge sub-basin, only small differences in peak discharge and runoff volume resulted as a function of land use changes.
Precipitation change scenario
To represent changes in precipitation between 1988 and 2004 one might consider substituting the 2004 event with the 1988 event. However, this is not a suitable strategy because the precipitation in 1988 was different to that in 2004 in terms of both intensity and duration. Rather, the general trend in terms of precipitation change is of interest. Precipitation stations corresponding to the upstream and downstream discharge stations were used. More (Adnan and Atkinson, 2011) . Regression models were fitted to annual mean precipitation against time (in years) for the upstream and downstream areas separately and temporal trends were obtained. The upstream and downstream precipitation regression equations were y = 0.0138x + 6.13 and y = 0.0359x + 6.396, respectively. From the regression models, mean annual precipitation was predicted for the years of interest, 1988 and 2004, and (Table 7) .
Scenario SC used as input the land use for 2004 and precipitation adjusted to represent 1988, as calculated in Table 6 . The precipitation scenarios for 2004 represent increases of 3.4% compared to 1988 (scenario SC) for the upstream subbasins and 7.7% for the downstream catchment.
Scenario SA, representing the 2004 rainfall scenario, led to increases in peak discharge and runoff volume compared to scenario SC (1988). Large differences were observed for the Kuala Krai (7.8% and 5.3%) and Guillemard Bridge (8.1% and 7.2%) gauges for peak discharge and runoff volume, respectively (Table 6) (Figures 6 and 7) . The smallest changes were observed for the Galas gauge of 2.9% for peak discharge and 1.4% for runoff volume. The differences in peak discharge and runoff volume for the other gauges were between 1.4% and 5.3% (Table 6 ).
Scenario SC demonstrated that trends in precipitation over the period 1988-2004 resulted in only small differences in the upstream catchment as shown by the Galas gauge. Meanwhile, trends in precipitation over the same period for the downstream sub-basin led to large increases in peak discharge and runoff volume as shown by the Lebir and Guillemard Bridge gauges. The results suggest that precipitation changes mostly affected the downstream subbasins of the River Kelantan catchment.
Combination of land use and precipitation change scenarios
In scenario SD, both precipitation and land use scenarios from 1988 were used as inputs to the runoff model calibrated to the 2004 event. The combination resulted in the largest differences with the baseline scenario for all gauges. Again, the Nenggiri gauge exhibited the largest differences amongst the set of gauges with a 15.6% increase in peak discharge and 13.4% increase in runoff volume. The Guillemard Bridge gauge provided the second largest differences with increases of 8.0% in peak discharge and 7.1% in runoff volume (Table 6 ) and followed by Pergau with increases of 9.3% in peak discharge and 6.5% in runoff volume. This is in agreement with the results from scenario SB in which Nenggiri produced the largest differences due to changes in land use and scenario SC in which Guillemard Bridge produced the largest differences due to changes in precipitation. The other gauges for each sub-basin showed differences in peak discharge and runoff volume in the range 2.9%-7.4% (Figures 6 and 7) .
The above results demonstrate that for the upstream catchment (i.e. Nenggiri) land use changes affected peak discharge and runoff volume the most. The results imply that in the 16 year period from 1988 to 2004 land use conversion from forest to agricultural land as well as urbanisation are a likely cause of significant increases in runoff generation, particularly in the upstream catchment. In contrast, the results also suggest that precipitation trends from 1988 to 2004 may have led to significant increases in runoff generation, particularly in the downstream catchment as demonstrated by the Kuala Krai and Guillemard Bridge gauges.
Discussion
Changes in hydrological response due to land use, precipitation and combination of land use and precipitation changes
This study attempted to quantify the effects of land use and precipitation on the hydrological response in the River Kelantan monsoonal catchment. Interestingly, the effects of changes in land use (i.e. scenario SB) on peak discharge and runoff volume were two-fold. In the upstream catchment, land use change from 1988 to 2004 resulted in increases in peak discharge and runoff volume. However, for the downstream catchment the hydrological response decreased compared to the 1988 runoff model. In the upstream catchment, the observed changes in peak discharge and runoff volume are probably due to large area forest conversion to agricultural land (i.e. rubber, oil palm and mixed-agriculture). The early stages of the plantation may lead to soil compaction, crusting and sealing which may lead to infiltration excesses, especially during high rainfall intensity events (Bronstert et al., 2002; Connell et al., 2007) . Hence, plantation development such as during early stages may cause excess runoff as a result of the formation of a surface crust with very low moisture storage capacity and hydraulic conductivity. In contrast, for the downstream sub-basins, afforestation was observed between 1988 and 2004. The afforestation occurred over only small areas, which led to small changes in the CN value, for example, from 75.3 in 1988 to 74.2 in 2004 for the Guillemard Bridge sub-basin. However, the sensitivity analysis showed that the SCS CN was the most important parameter in determining changes in peak flow and runoff volume (Hernandez et al., 2000) . The larger the CN, the larger the peak discharge and runoff volume. Investigation of the effects of changes (increases) in precipitation (i.e. scenario SC) revealed increases in the upstream catchment peak discharge and runoff in 2004 compared to 1988. The percentage change in precipitation for the downstream catchment (i.e. 7.7%) was larger than for the upstream catchment (i.e. 3.4%) ( Table 7) . Hence the changes in the downstream peak discharge and runoff volume were larger compared to the upstream catchment. Furthermore, in the downstream catchment, land use change exhibited smaller changes compared to upstream. In addition, a study Adnan and Atkinson (2011) of rainfall and streamflow time series trend analysis for the River Kelantan catchment found that the pattern in streamflow downstream is fairly well matched by increases in precipitation in the wet season such as in the month of December and decreases in precipitation in the dry season particularly, the month of September. In the upstream area, the increases in streamflow are not matched by universal increases in precipitation, but rather by increases in the wet season only and decreases in the dry season, as for the downstream subcatchment (Adnan and Atkinson, 2011) . As found in this study, the percentage changes in precipitation over 16 years were slightly greater than those observed in land use change. Thus, changes in precipitation are the most plausible explanation for changes in peak discharge and runoff volume, particularly in the downstream catchment.
The scenario using a combination of changes in land use and precipitation exhibited increases in hydrological response in 2004. In general, peak discharge and runoff volume changes were greater compared to the scenarios incorporating land use or precipitation changes only. It is plausible to suggest, therefore, that the combination of land use and precipitation changes may have caused the greatest increases in peak discharge and runoff volume in the upstream and downstream catchments. In practice, of course, runoff generation is affected not only by precipitation, but also by the interaction of precipitation and direct runoff with the land use within the catchment area. The effect of the combination of both factors is in good agreement with aggregation of the scenarios considering land use and precipitation independently. The result suggests that, overall, land use contributes greater changes in peak discharge and runoff volume in the upstream catchment due to large area conversion of forest to agricultural land compared to downstream. In contrast, for the downstream catchment, the result implies that precipitation had the greater effect on hydrological response, which may be attributed to the greater changes in precipitation received in the downstream catchment as opposed to the upstream catchment.
Conclusions
This research proposed an approach for disentangling the effects of climate change and land use change on runoff generation (and, therefore, flooding) using the power of a fully calibrated, spatially distributed, dynamic hydrological model and limited land use and precipitation datasets. Fundamentally, the approach utilises the power of 'control and Table 7 Precipitation percentage change calculated from the regression models in Figure 6 Rainfall % Difference experiment', changing one factor at a time to isolate potential effects. Using this approach, we were able to quantify the proportional effects of land use and precipitation changes on the hydrological response in a monsoonal river catchment in Malaysia. This is important because for this catchment, as for many other catchments across the world, there is uncertainty about the causes of recent increases in runoff and, therefore, flooding. This is particularly the case for this catchment because of recent substantial changes in land use. The scenario focusing on the effects of the real, observed land use changes (i.e. scenario SB) led to relatively greater increases in peak discharge and runoff volume in the upstream catchment compared to the effects of the observed changes in precipitation (i.e. scenario SC). This was primarily due to land conversion from forest to agricultural land. Meanwhile, the observed increases in precipitation caused greater increases in hydrological response in the downstream catchment, where land use changes were small. The largest increases in peak discharge and runoff volume were caused by a combination of the observed land use and precipitation changes (i.e. scenario SD), followed by land use change (i.e. in the upstream catchment) and by precipitation change (i.e. in the downstream catchment). Importantly, the results suggest that precipitation change had a greater effect compared to land use change in the larger downstream area, where the risk of flooding is greatest. This is an important finding because it provides some quantitative evidence to policy makers suggesting that the observed increases in precipitation are potentially most responsible for recent flooding events, not recent, observed changes in land use.
This research suggests that future land use planning and development in the Kelantan catchment in Malaysia, should consider the impacts of climate change in the form of increased precipitation, and to a lesser extent upstream land use changes, on increases in runoff generation, and the possibility of flooding. More generally, the methodology proposed here has the potential to be applied to other catchments across the world, where an equivalent hydrological model has been produced or can be produced.
